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 The conventional method of controlling sediment-laden runoff on construction 
sites is the use of sediment basins.  These basins slow the velocity of runoff and allow the 
particles to settle from the water column before discharge to surface waters offsite.  This 
best management practice, however, may create a reservoir for pathogenic bacteria.  
Sediment is known to provide protection for bacteria; therefore, while these basins 
decrease sediment loadings to water bodies downstream, they may introduce harmful 
levels of pathogenic bacteria into these surface waters.  In addition to causing human 
health risks, these high bacteria levels alter natural biological makeup of downstream 
ecosystems.   
 Fecal coliform is the current South Carolina Department of Health and 
Environmental Control (SC DHEC) standard indicator for pathogenic bacteria.  This 
water quality contaminant is the most common impairment of any other pollutant for 
South Carolina’s rivers and streams.  In fact, fecal coliform impairments account for 
approximately one third of total number of surface water impairments in South Carolina.  
Impairments due to fecal coliforms cause economic losses for South Carolina when 
beaches, recreational areas, or oyster beds must be closed until these bacteria levels 
diminish.   
This thesis describes the transport, location, and fate of bacteria in construction 
site sediment basins.  Five sediment basins, located in Anderson, South Carolina were 
sampled during and after rain events to explore trends that exist between various particle 
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sizes and Escherichia coli densities, reveal E. coli densities within sediment layers of 
various depths over time, and determine the densities of E. coli entering and exiting the 
basins. 
Results provide evidence to suggest that sediment basins are a reservoir for 
pathogenic bacteria, as net die-off rate of E. coli was slower in the sediment layer than 
the water column above.  Furthermore, inflow E. coli densities recorded were less than 
outflow E. coli densities.  Results showed that most E. coli attached to smaller particles 
with diameters less than 0.004 mm.  These particles do not settle out of the water column 
quickly and are often passed through the basin during frequent or intense storms.  
Consequently, high levels of bacteria are passed to downstream waters.  Lastly, the high, 
persistent E. coli densities found in the top sediment layers revealed that resuspension of 
this top layer during rain events can increase the bacteria levels in the discharge of 
sediment basins. 
This research provides considerable evidence that man-made construction basins 
can cause detrimental effects to South Carolina surface waters.  With this knowledge, 
better stormwater management practices may be developed with the goal of remediating 
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 Urban stormwater carries a considerable amount of pollutants from impervious 
surfaces such as litter, oils, heavy metals, sediment, nutrients, organic matter, and 
bacteria.  Sources of these pollutants may include vehicle fluids, fertilizers, dust particles, 
construction activities, animal waste, and faulty septic tanks or sewage pipes.  As 
stormwater reaches surface waters, it pollutes the natural aquatic environment and can 
make waters unsafe for swimming, fishing and other activities (Davies et al. 2000).   
Stormwater has become a major contributor of nonpoint source pollution across 
the country (Davies et al. 2000).  The United States Environmental Protection Agency 
(USEPA) amended the Clean Water Act in 1987 to regulate stormwater runoff quality 
(Zhang et al. 2006).  Therefore, South Carolina Department of Health and Environmental 
Control (SC DHEC) requires stormwater pollution prevention plans and calculations to 
be submitted for review for construction projects that disturb more than one acre.  
Additionally, Nonpoint Discharge Elimination System permits must be obtained for 
construction projects that disturb more than one acre (SC DHEC, 2005).   
Sediment basins are the traditional method for reducing sediment loads leaving a 
construction site.  It is known that sediment carries chemical and biological pollutants 
that attach to the sediment particles (Zhang et al. 2006).  Additionally, sediment itself 
acts as a pollutant that can cause much physical damage to stream channels by reducing 
water clarity, altering the stream flow, and altering aquatic habitats.  As a result, sediment 
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can have toxic effects on aquatic biota (Sawyer, 2009).  Sediment ponds are designed to 
allow sediment from stormwater on construction sites to settle out of the water column 
before the water is discharged downstream, so that these effects can be minimized. 
According to SC DHEC (SC R. 61-9), sediment ponds must be designed to 
achieve the least of 80 percent sediment removal efficiency or less than 0.5 mL/L of 
settleable solids for 2-year and 10-year design storms (SC DHEC, 2005).  However, fine 
clay particles that do not settle out of the water column often carry the largest 
concentrations of pathogenic bacteria.  A study done on the survivability of bacteria 
associated with different particle sizes revealed that fecal indicator bacteria such as 
Escherichia coli in the water column were most associated with particle sizes less than 
0.05 mm in diameter (Zhang et al. 2006).  This diameter size includes both silt and clay 
particle sizes. 
In recent years, the use of sediment basins has been questioned as research has 
revealed that sediment in these basins may be a reservoir or even a source for pathogenic 
bacteria (Zhang et al. 2006).  Indicator bacteria levels are often 10 to 10,000 times greater 
in the sediment layer than the water column above (Craig et al. 2002).  Therefore, as 
sediment is brought into the water column from turbulence during rain events or windy 
conditions, it introduces high levels of pathogenic bacteria into the water column.  These 
events produce water quality conditions that do not meet USEPA suggested levels upon 
discharge into surface waters.  A study on the effectiveness of structural best 
management practices (BMPs) revealed that rainstorms caused a surge in bacteria 
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concentration at their discharge points.  This surge is due to the resuspension of sediment 
particles in the water column (Zhang et al. 2006). 
Additionally, studies have shown that E. coli and other fecal indicator bacteria 
persist in sediment for extended time periods because the fine sediment particles provide 
protection from sunlight and predators.  The smaller pore spaces of fine particles are 
predicted to provide better protection for the bacteria, as predators are not able to fit into 
the pores (Burton et al. 1986). 
The fate of bacteria is also determined by regional and site-specific conditions, 
including the correlation of high fecal coliform densities in increased sediment loads of 
South Carolina Piedmont streams (Jolley, 2005).  Jolley’s study also found that indicator 
bacteria attached to suspended sediment and remained viable following deposition.  To 
specifically describe indicator bacteria fate in construction basins, Sawyer (2009) 
conducted further research within these basins.  Results of the study revealed that E. coli 
densities were elevated at the outlets of the basins compared to the inlets, and that the 
likely cause of raised E. coli densities was due to resuspension of the sediment within 
basins. 
Following the research of Sawyer, this study analyzed the densities of the 
indicator bacteria, E. coli with respect to particle size in sediment basins.  E. coli 
densities with respect to sediment depth over time were also analyzed.  Lastly, the E. coli 
densities at the inlet and outlet of a sediment basin during rain events were measured.  
These analyses revealed the particle size and depth that will most likely contain E. coli 
and also revealed the ability of sediment basins to contain E. coli during turbulent 
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conditions such as rain events.  Sediment size was analyzed by wet sieve analysis and 
pipette analysis, and bacteria enumeration was achieved using the US EPA approved 
Colilert
1
 enzyme substrate assay system.  E. coli cells were separated from soil particles 
by mechanical shaking. 
Because bacteria are tied to fine sediment particles, and due to the easy 
resuspension of these fine particles during rain events, further measures must be taken to 
increase the ability of sediment basins to capture these fine particles (Sawyer, 2009).  By 
capturing the suspended silts and clays, bacteria will also likely be captured.  It is 
important to further study the fate of bacteria in sediment basins as they associate to 
sediment, so that more effective design criteria and regulations can be made with respect 
to construction activities.  
The studies linking bacteria to sediment occur in a wide variety of settings.  This 
project will specifically link bacteria to sediment that is a direct result of runoff into 
sediment basins and will further support the research of Sawyer (2009).  In South 
Carolina, these ponds currently have no performance based criteria—only design 
criteria—and the quality of the discharge exiting the pond is not measured.  Therefore, 
high levels of pollutants, including bacteria may be commonly present in the discharge.  
Bacteria behavior of E. coli within sediment basins and construction activities will be 
further explained by this study. 
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 Data collection was performed on five construction basins in Anderson, SC.  
These sites were permitted for land disturbance activities.  Soils on the sites are 
predominately of the Cecil series, a moderately to well-drained clay loam topsoil with a 
predominantly clay subsoil.  By conducting eroded particle size
2
 distributions, it was 
found that sand, silt, and clay particles and aggregates range from 50 to 80 percent, 15 to 
45 percent, and 5 to 35 percent, respectively in the eroded material from each site.  The 
historical yearly rainfall average is 125 cm and the historical average temperature is 16.4 
degrees Celsius (Sawyer, 2009).  All sites were given a code in order to preserve their 
anonymity.  Site information including soils and basin geometries were found using the 
site plans and stormwater calculations provided by the City of Anderson.  The following 
sections give information for each site.   
 
 
Figure 1.1.Anderson County location map. 
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CH-1 Sediment Basin 
 Constructed in 2007, CH-1 sediment basin is located on a site containing 4.9 
hectares disturbed soil.  This basin drains 2.3 hectares of the site.  Dominant soil is Cecil 
sandy loam with a hydrologic soil group ―B,‖ and original land use was forest.  This 
development is intended to have single/multifamily housing.  The 2-year, 24 hour storm 
capacity is 1,246 m
3
 with peak outflow of 0.04 m
3
/s, and its 10-year, 24-hour storm 
storage capacity is 2,144 m
3
 with peak outflow of 0.15m
3
/s.  The maximum surface area 
of the pond is 1,448 m
2
.  Lastly, design trapping efficiency is 84.47 percent for the design 
storm.  City of Anderson provided this information for all sites. 
 
  





CH-2 Sediment Basin 
 The CH-2 sediment basin is approximately three years old and is located on the 
same site containing 4.90 disturbed hectares.  This basin drains 2.6 hectares of the site.  
The 2-year, 24-hour storm capacity is 1,127 m
3
 and the 10-year, 24-hour storm storage 
capacity is 2,053 m
3
.  Peak flowrates for 2 and 10-year events are 0.04 m
3
/s and 0.14 
m
3
/s. Maximum surface area of this pond is 1,793 m
2
.  This pond has a design trapping 
efficiency of 87.04 percent for a design storm.  Similar to CH-1, native soil was Cecil 
series, and original land use was forest. 
 
  







DHC Sediment Basin 
 DHC sediment basin drains a tract that contains 1.17 disturbed hectares and is 
approximately three years old.  Land was open grass prior to development.  Primary soils 
on this property are Cataula, Hiwassee, and Cecil, and soil group is ―B.‖  Basin volume 
for a 2-year, 24-hour storm is 937 m
3
 with a peak flow of 0.02 m
3
/s, and basin volume for 
a 10-year, 24-hour storm is 2,145 m
3
 with a peak flow of 0.04 m
3
/s.  Because the 
disturbed site was less than 2.02 hectares (5 acres), no trapping efficiencies were 









BC-1 Sediment Basin 
 BC-1 sediment basin is less than a year old and drains 4.78 disturbed hectares.  
Soils are dominantly Cecil with Hiwassee and Madison series, also.  Soils are classified 
in hydrologic soil group ―B.‖  Land use on this site prior to development was wooded 
with heavy brush.  This pond has a 2-year, 24-hour storm capacity of 780 m
3
 with a peak 
flow of 0.025 m
3
/s.  The 10-year, 24-hour storm capacity is 1,232 m
3
 with a peak flow of 
0.05 m
3
.   Maximum surface area of the pond is 1,217 m
2
.  Trapping efficiency is 84.5 
percent for a design storm. 
 
  
Figure 1.5. BC sediment basin photograph. On left, view of edge reveals trash from 
stormwater.  On right, view of riser and heavy sediment loading into the middle of the 
basin. 




WHE Sediment Basin 
 WHE sediment basin is less than one year old and drains 1.58 hectares disturbed 
land.  Land was previously developed for an elementary school.  Primary soil on site is 
Cecil sandy loam.  The 2-year, 24-hour storm capacity is 173 m
3
 with a peak flow of 0.03 
m
3
/s.  The 10-year, 24-hour storm capacity is 329 m
3
 with a peak flow of 0.012 m
3
/s.  
Maximum surface area is 636 m
2
.  Trapping efficiency calculations were not performed 
on this pond.  This basin is ideal for rain data collection as it has only one inlet and one 
outlet. 
 
    




GOALS AND OBJECTIVES 
 
The goal of this project is to better understand the location and behavior of 
bacteria within sediment basins as they attach to sediment particles.  To fulfill this goal, 
three objectives were established.  These objectives are described below. 
 
1. Establish a relationship between particle sizes and E. coli density. 
2. Determine a relationship between soil depth and E. coli densities to better 
understand the role of resuspension of E. coli during rain events. 
3. Measure E. coli densities at the inlet and outlet of a selected basin during storm 
events to compare E. coli densities with hydrograph data. 
 
If these objectives can be fulfilled, E. coli behavior within sediment ponds can be 
better understood.  An understanding of indicator bacteria and sediment particle size 








 Soil erosion is the detachment, transport, and subsequent deposition of sediment.  
Soil is detached by wind and water; however, erosion due to rainfall and flowing water 
and its effect on the environment is the focus of this project.  Erosion is a natural process 
that occurs over thousands of years, but construction may accelerate the rate of erosion.  
Erosion due to construction can potentially cause much damage to the surrounding 
ecosystem (Haan et al. 1994). 
Erosion may be caused by construction activities that have created an increase in 
stormwater runoff, an increase in unprotected soil, and a changing land slope.  As water 
flows on a downward slope, it detaches soil particles and transports them to a location 
where the velocity of water (and shear force) decreases due to decrease in downslope.  
Here, particles are deposited as shear force of the water can no longer carry weight of the 
particle (Haan et al. 1994).  
 Erosion due to construction, if not controlled, can drastically alter the landscape 
and cause damage to property onsite and offsite.  Erosion can be controlled onsite by 
flattening slopes, covering bare soil, and minimizing runoff.  Construction sites must 
enact erosion control techniques when large amounts of land area are disturbed and left 
uncovered.  However, sediment detachment cannot always be prevented, so sediment 
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basins are used to prevent deposition offsite and costly cleanup of property lower in the 
watershed (Haan et al. 1994). 
 Sediment basins have been the traditional method to contain sediment loss from 
construction activities.  However, sediment behavior within sediment ponds must be 
understood before analysis on use, design, and effectiveness of sediment basins can 
begin. 
 
Sediment Properties and Transport 
 Sediment is composed of materials such as individual primary soil particles, 
aggregates, organic materials, and associated chemicals.  Sediment properties such as 
particle size, shape, and density impact the way each particle behaves in flowing water 
and the way each particle settles (Haan et al. 1994). 
 The primary property of sediment considered by the design engineer is size.  Size 
is the largest determinant of settling time.   In order to separate particles from the runoff 
water in best management practices (BMPs) such as sediment basins, it is imperative to 
know sediment settling time and settling properties required to remove the particles from 
the water column. 
 Four types of particle settling may occur in a sediment pond.  These four types 
include discrete particle settling, flocculent settling, hindered settling, and compression 
settling (Haan et al. 1994).   
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Discrete settling occurs in low concentration conditions, when particles fall 
independently of one another.  Stokes’ Law gives an equation for discrete settling that 
may be viewed below (Das, 1996). 
 
(1) 
Where,  Vs is settling velocity, [cm/min] 
  D is particle diameter, [mm] 
  ρs is particle density, [g/cm
3
] 
  ρw is fluid density, [g/cm
3
] 
  η is fluid viscosity, [g*s/cm2] 
 
Flocculent settling occurs as particle concentration increases and particles 
combine to form larger masses with higher settling velocities.  Flocculent settling 
depends on the opportunity for particle contact, depth of sedimentation basin, velocity 
gradients within the basin, concentration of particles, particle size, and interparticle forces 
that cause particles to repel each other.  Interparticle forces include the net negative 
charge of clay particles and other ions present in the water.  Flocculation may be more 
accurately determined by experimentation (Haan et al. 1994). 
Hindered settling occurs as particles become so concentrated that forces between 
particles hinder the settling of surrounding particles.  Such an occurrence causes a liquid-
solid interface at the top of the solid mass.  Hindered settling varies by water conditions 
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and sediment characteristics; in order to predict hindered settling velocities, experiments 
must be performed (Haan et al. 1994). 
Compression settling occurs as particles become so concentrated that they form a 
solid layer and require compression for further settling.  This form of settling is the result 
of hindered settling.  This type of settling is also highly variable and usually requires 
settling tests for accurate information (Haan et al. 1994). 
Particle settling properties are important to understand within best management 
practices (BMPs) designed for trapping such as sediment basins.  Water must remain in 
the basin longer than the settling time of particles present in order to capture and 
temporarily retain the particles.  Settling prevents sediment from travelling downstream 
as water is discharged from the basin. 
Smaller sediments particles are more difficult to settle from the water column as 
they require more settling time, and are easily suspended in the water column.  For 
example, if a particle were 0.031 mm in diameter, the 1 m settling time would be 4 hours.  
However, a particle with a 0.002 mm diameter takes 140 hours to settle 1 m.  It is 
imperative to know the size distribution of particles in construction runoff in order to 
know how to size sediment control structures (Haan et al. 1994). 
 
Particle Size Distribution 
A particle size distribution reveals the particle diameter makeup of a given soil 
sample.  According to the American Association of State Highway and Transportation 
Officials (AASHTO), particle sizes include four categories listed below (ASTM, 2004). 
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1. Gravel: Particle diameter greater than 2 mm. 
2. Sand: Particle diameter of 2 mm to 0.075 mm. 
3. Silt: Particle diameter of 0.075 mm to 0.002 mm 
4. Clay: Particle diameter less than 0.002 mm 
 The particle size distribution curve represents the various particle sizes within a 
given soil (Das, 2006).  Because this project examined sediment basins, the eroded 
particle size distribution was obtained for each site.  Eroded particle size distribution 
contrasts from particle size distribution for a given soil in that eroded particle size 
distribution only accounts for those particles that have eroded from the land.  Different 
from particle size distribution procedure, eroded particle size distribution procedure does 
not require dispersing using sodium hexametaphosphate.  As a result, particles and 
aggregates are represented in eroded particle size distribution.  A sample eroded particle 





Figure 3.1. Sample eroded particle size distribution 
 
 Eroded particle size distribution curve gives percent sand, silt, and clay 
aggregates for a given sediment sample.  Knowing eroded particle size distribution is 
important, as it allows needed settling time for sediment to be found, since aggregates, 
though made up of smaller particles, act as one larger particle.  For this project, eroded 
particle size distribution will be used to link the particle size with amount of bacteria 
present in a given soil sample. 
 
Sediment Basin Use and Regulation 
For construction land disturbance activities greater than one acre, stormwater 































Carolina Department of Health and Environmental Control (SC DHEC).  Temporary 
sediment traps and sediment basins are approved methods by SC DHEC to control 
sediment loss on these construction sites.  They are also the traditional method for 
reducing sediment loads, particularly for sites over 4.0 hectares (10 acres).  Sediment 
basins are designed to allow sediment from stormwater on construction sites to settle out 
of the water column before the water is discharged downstream.  SC DHEC requires that 
sediment basins for sites over five acres achieve the least of 80 percent sediment removal 
efficiency or 0.5mL/L of peak settleable concentration (SC DHEC, 2005).   
Temporary sediment traps are small, ponding basins formed by excavation or 
embankment that detain sediment-laden runoff in order to capture sediment and protect 
receiving waters from the negative effects of sedimentation.  Traps may be placed at the 
outlets of drains, channels, or other runoff conveyances during early site development 
and have a maximum life of two years.  Sediment traps must be maintained frequently to 








Sediment basins are longer lasting, more permanent structures than sediment 
traps.  These earthen embankments are also placed at drainage outlets to prevent sediment 
from reaching downstream water bodies.  Basins are typically used when other erosion 
and sediment control methods are not adequate in preventing offsite sedimentation.  
South Carolina DHEC typically requires ponds for drainage areas greater than ten acres.  
Additionally, they are recommended to be less than 15 feet in height and not constructed 
in areas where failure would cause property damage or loss of life.  Drainage area must 
also be less than 100 acres, and flow length to basin width ratio should be greater than 2:1 
to encourage settling of sediment (SCDHEC, 2005).  Sediment ponds typically have a life 
of 3 years unless they are designed as permanent structures.  These ponds must also be 
maintained periodically to prevent sediment buildup (SC DHEC, 2005).  Figure 3.2 gives 







Figure 3.3. SC DHEC sediment basin specifications (SC DHEC, 2005). 
 
Physical features of sediment basins largely affect their performance.  For 
example, surface areas should be maximized to increase sediment trapping efficiency, 
and single inlets should be used to decrease short circuiting.  If chosen for design, baffles 
placed at the inlet allow a decrease in inlet velocity and prevent short circuiting 
(Fennessey et al. 1997).  The typical sediment pond design consists of a passive 
gravitational dewatering system by means of perforated riser; however, this outlet design 
decreases trapping efficiency of fine particles.  A floating riser, though a more costly 
design component is more effective at removing fines and increasing trapping efficiency 
(Millen et al. 1997).  Due to resuspension of fine particles, more research is needed to 
effectively design for sediment basin depth.  While maximization of surface area is 
important to settling, the basin depth should minimize resuspension during rain events 
(Fennessey et al. 1997). 
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Neither sediment traps nor sediment ponds may be constructed in wetlands, live 
streams, ephemeral streams, or waters of the state.  Design criteria for these structures 
from the Natural Resource Conservation Service (NRCS) or the United States Army 
Corps of Engineers (USACE) may be followed (SCDHEC, 2005). 
 
Indicator Bacteria 
 Indicator bacteria are bacteria used to determine the presence of fecal matter in 
water.  These are the bacteria upon which United States water quality standards are 
based.  Indicator bacteria have several criteria (Ishii et al. 2008). 
 That they should be present in the intestinal tracts of warm blooded animals.  
 They should be present when pathogens are also present, but not present when 
pathogens are not. 
 Indicator bacteria should appear in greater numbers than the pathogen.  
 Indicators should be able to survive similarly to pathogens in the environment. 
 They must be unable to multiply in the environment. 
 They must be detected and quantified easily.   
Indicator bacteria may not be pathogenic, but their presence is used as evidence that fecal 
contamination exists in a water body (Ishii et al. 2008) and pathogenic organisms may be 
present.  Indicator bacteria are often used to measure water quality due to the ease of 




Escherichia coli are gram-negative, rod shaped bacteria, approximately 0.002 mm 
in length.  These bacteria reside in the lower intestine of warm blooded animals.  Greater 
than one million E. coli cells may be present in one gram of human colon material, and 
these cells are often released into the environment in fecal matter (Ishii et al. 2008). 
E. coli is a versatile microorganism because it resides in the extreme conditions of 
the stomach and intestines, which contain strong organic acids.  In fact, this facultative 
anaerobe is the most abundant of all other microbes in the human intestine.  The strains 
of E. coli that reside in the intestine are nonpathogenic and remain with the host 
throughout its life.  However, pathogenic strains of E. coli can exist if mutation occurs; 
these strains may cause a variety of gastrointestinal illnesses in many warm blooded 
animals, including humans (Donnenberg et al. 2002).  E. coli are also known to live for 
extended periods of time outside of their hosts’ bodies in various environments (Winfield 
et al. 2003).  These conditions include high and low temperatures, a range of moistures, 
and sediments with varying organic matter content (Ishii et al. 2008).  E. coli’s ability to 
live in varying conditions for these extended periods raises concerns about the long term 
effects that increased loadings of fecal matter may have on the ecosystem once 
introduced.  Additionally, Sawyer (2009) found that the E. coli densities were 
significantly related to temperature (p < 0.0001), revealing that in the natural 
environment, overall E. coli levels are much greater in the summer months than in the 
winter months. 
Since the 1950s, many studies have observed the link between recreational water 
quality and health outcomes (Wade et al. 2003).  These studies have shown that an 
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increased risk of illness is present with exposure to recreational water.  Several studies 
related the level of contamination in the water, using indicators, to the extent of risk 
(Wade et al. 2003).  E. coli are the indicator bacteria that the United States Environmental 
Protection Agency (USEPA) have recommended for determination of pathogenic enteric 
bacteria in freshwater.  Epidemiological studies have shown that the presence of E. coli is 
consistently correlated with gastrointestinal disease for freshwater recreational water 
users.  In 1986, the USEPA urged states to transition from fecal coliform testing to E. coli 
testing in water quality determination as E. coli correlation to gastrointestinal illness is 
superior to the results given by fecal coliform (USEPA, 1986). 
 It was determined by the USEPA that an indicator density of E. coli larger than 
126 cfu/100 mL geometric mean from five samples over a 30 day period or 235 cfu/ 100 
mL for a single sample deemed freshwaters unsafe for recreational (swimming) use.  
However, larger densities were allowed for waters that met different use criteria (USEPA, 
1986). 
 A recent study was undertaken to verify these USEPA findings.  This study 
performed a literature review of all studies relevant to E. coli and its relationship to 
gastrointestinal illness.  The study found that the risk of gastrointestinal illness was 
statistically elevated in relation to E. coli concentrations relative to other fecal indicators 
such as enterococci, fecal streptococci, fecal coliform, and total coliform.  It was the only 
indicator that was clearly associated with an increase in risk of gastrointestinal illness by 
categorical analysis and by the weighted regression analysis (Wade, 2003).   
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Additionally, the study found that the USEPA guideline value for E. coli was 
sufficient; exposures to E. coli below the suggested guideline were not associated with an 
increase in illness risk, whereas exposures above the suggested guideline were associated 
with an elevated risk.  The study found that the definition of swimming and geographic 
location did not provide variation in results, suggesting that the guideline level does not 
depend on these factors.  The review summarized that the body of literature reviewed 
supported the use of E. coli as an indicator bacteria in freshwater and the discontinuation 
of fecal coliform as an indicator bacteria (Wade et al. 2003).  As the literature findings 
suggest, E. coli was chosen as the indicator bacteria measured for this project. 
 
Bacteria-Sediment Relationship 
   E. coli numbers are typically larger in the sediment layer of a sediment control 
basin than in the overlying water column.  The amount of bacteria found in sediment 
ranges from 10-10,000 times the amount found in the water column above the sediment 
layer (Craig et al. 2002).  E. coli presence in sediment has also been linked to particle 
size.  Bacteria are more likely to be attached to fine clays than course sand.  Therefore, E. 
coli are found in fine sediments that settle slowly and are often most exposed to 
resuspension forces.  As a result, organisms are located at the top layer of the sediment in 
a basin (Davies et al. 2000).     
Several studies found that bacteria persist for prolonged periods of time in 
sediments of freshwater lakes.  Sediment has been found to harbor fecal bacteria, as 
organisms can live for months outside of their hosts’ bodies (Burton et al. 1987).  Fine 
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clay sediments, similar in size to the bacteria provide protection from sunlight and 
predators and may also be a source of nutrients (Davies et al. 2000; Whitman et al. 2003; 
Byappanahalli et al. 2003).  Fine clay particles have smaller pore sizes, further preventing 
predators from reaching the bacteria (Burton et al. 1987). 
Due to the overwhelming observations that bacteria prefer adhesion to clay over 
larger particles, much research has been conducted to better understand the relationship 
between microorganism and clay particle.  It has been proven that bacteria, specifically E. 
coli, possess a slight net negative charge.  Clay structure is composed of silicon oxide 
tetrahedral or hydroxide octahedra in a 1:1 ratio (-Si. Al. Si. Al. Si.-) or 2:1 ratio (-Si. Al. 
Si. Si. Al. Si.-) assembled as plates.  These plates associate as layered structures known 
as domains which are coated in metal oxides.  This structure results in a slight net 
negative charge, similar to bacteria.  Such properties possessed by clay and bacteria 
create a lack of understanding among scientists searching for reasons as to why bacteria 
associate to clay over larger particles (Berkeley et al. 1980). 
The pH of natural systems is typically acidic, as observed in upstate South 
Carolina; this property is predicted to allow a sufficient reduction in electrokinetic 
potentials of the bacteria and clay particles for them to come close enough together for 
attractive forces, whether physical or chemical, to overcome electrostatic repulsion.  
Additionally, clays may have surface coatings of hydrous oxide that impart a pH 
dependent charge to the surface.  Therefore, under slightly acidic conditions, clay may be 
positively charged and exhibit adsorption of bacteria (Berkeley et al. 1980).   
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Furthermore, pili, flagella, and extracellular polysaccharides may allow microbes 
to overcome repulsive forces that exist between bacteria and particles.  Once microbes 
are within short range of particles, cumulative short range physical forces may form a 
strong bond (Berkeley et al. 1980).  Because small clay particles provide protection and a 
source of nutrients, it is advantageous for E. coli to overcome initial electrostatic 
repulsion with clay in order to extend its survival (Berkeley et al. 1980). 
Because bacteria associate to clay particles, they are easily suspended into the 
water column with fine clays during rain events (Burton et al. 1987).  As the intensity of 
the rain event increases, the resuspension and release of E. coli also increases (Ling et al. 
2009).  Jamieson et al. (2005) found that bacteria resuspension was most significant 
during the rising limb of the hydrograph, implying that a limited supply of sediment-
associated bacteria is available for resuspension during storm events.  This occurrence 
also suggests that resuspension is more likely to occur during the most intense portion of 
the rain event.  The study also found that cohesive sediment transport controlled bacteria 
transport (Jamieson et al. 2005). 
An et al. (2002) linked bacteria presence in water to gasoline sales for boats.  
Gasoline sold was a measure of boats using Lake Texoma.  The study found that boating 
activity resuspended the particle bound E. coli into the water column.  Therefore, the 
study indicated that E. coli concentrations were not necessarily directly from fecal matter, 
but instead persisted in the environment.  E. coli concentrations also increased with lake 
depth, supporting the supposition that E. coli was attached to fine clay particles within 
lake sediment (An et al. 2002).  This finding supports the claim that the 80 percent 
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trapping efficiency required for sediment trap design is not sufficient for reducing 
bacteria concentrations upon discharge (Sawyer, 2009).  The 20 percent of particles that 
are not settled out of the water column before discharge likely contain largest amounts of 
E. coli (Sawyer, 2009).   
 
Methods Review 
 Common methods of finding the particle size distribution for similar studies 
include sieve analysis and pipette analysis (Johns, 1998).  Sieve analysis is performed on 
larger particles, including sand and consists of shaking the soil sample through a set of 
sieves that have progressively smaller openings.   A wet sieve analysis consists of 
shaking a water-soil mixture through a stack of sieves, and then calculating the amount of 
soil remaining on each sieve.  Silts and clays pass through the sieves and remain in the 
bottom tin for further analysis (Das, 2006).  
 Silts and clays may then be analyzed by pipette analysis.  Pipette analysis uses 
Stokes’ Law to find the settling velocities of various sized particles.  At specified times 
and water depths, particles of a certain size are removed with a pipette from the water-
soil solution that remains after the wet sieve is complete (Johns, 1998).   
Pipette analysis is preferred over other methods for this study because the method 
allows the fine particles to be separated without harming organisms present on particles, 
when this procedure is used to separate organisms by particle size.   
 Studies have found that in order to detect all bacteria present in a sample, bacteria 
must be separated from soil particles.  The method used for separation must be strong 
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enough to effectively separate the bacteria from the particle without harming the 
organism (Craig et al. 2002).   
Bacteria-particle separation methods include hand shaking, sonication bath, 
sonication probe, and centrifugation.  It has been found that sonication bath greatly 
improves the amount of bacteria released from sand particles over the hand shaking 
method.  However, hand shaking was slightly more effective than sonication bath for 
separating bacteria from silts and clays.  The study found that clay and silt required two 
sonication bath treatments in order to effectively separate the bacteria from the soil 
particles.  Sand only required one treatment, but was able to undergo two without 
harming bacteria cells (Craig et al. 2002). 
Another study found that samples using a Braun Labsonic U ultrasonic probe, 
sonicated at 100 watts for 30 seconds gave improved recovery of bacteria.  This study 
also found that no additional chemicals were necessary for pretreatment, as deionized 
water was sufficient for separation (Davies et al. 1995).  
Recent studies have shown that centrifugation also effectively released bacteria 
from soil particles, since bacteria size and densities are less than the soil to which they 
adhere.  Centrifugation is more consistent and repeatable than hand shaking.  
Additionally, it is improved over filtration techniques that only separate particles by size 
(Cizek et al. 2008).  However, centrifugation may destroy bacteria cells within the 
samples.  Characklis et al. (2005) noted that 20 to 35 percent of E. coli in stormwater 
samples was effectively removed by centrifugation but much of the bacteria in the 
samples were destroyed or non-viable (and therefore not detectable).   
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Bacteria enumeration may also be conducted in several ways.  Membrane 
filtration is often used to determine colony forming units (cfu) per 100 mL in a given 
sample (Davies, 1995) (Craig, 2003).  However, the Colilert enumeration method is also 
used to find most probable number (MPN) per 100 mL in a sample (Byappanahalli et al. 
2003).  Because the Colilert method is an accurate and quick method, it was chosen to be 
the bacteria enumeration method for this project.  The Colilert method uses a patented 
substrate technology to detect E. coli.  Nutrient indicator called MUG in the substrate is a 
major source of carbon, which is metabolized by the E. coli enzyme, β-galactosidase.  As 
the MUG is metabolized by the β-galactosidase, fluorescence is produced.  Most other 
coliforms do not have this enzyme and therefore do not interfere with E. coli growth 
(IDEXX, 2011).   
Bacteria separation and enumeration are necessary but imprecise procedures, as 
Fish et al. (1994) revealed that standard growth procedures used to enumerate coliforms 
from water may underestimate numbers.  The separation and enumeration procedures 
may injure the bacteria cell, making it viable but non-culturable (Fish et al. 1994).  
However, these methods allow the most accurate, reliable results in an efficient manner, 
so no other techniques will be considered for bacteria separation and enumeration. 
 
Importance of Bacteria-Sediment Relationship Research 
 The 2008 SC DHEC listing of impaired water bodies has listed 1,050 water body 
impairments in South Carolina’s rivers, streams, and lakes.  These impairments include 
water quality exceedances of bacteria, heavy metals, and other biological and chemical 
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impairments.  Approximately one third of these impairments are due to high levels of 
fecal coliform bacteria (SC DHEC, 2008).  These exceedances correspond to previous 
USEPA recommended safe levels for recreational waters; however, currently, the USEPA 
recommends E. coli to be used as an indicator in place of fecal coliform.  Such 
impairments are thought to increase risk of gastrointestinal illness in recreational users. 
 Poor water quality due to fecal contamination not only increases risk of health 
illness, but may have a negative impact on South Carolina’s economy by decreasing 
tourism and closing coastal shellfish beds.  These activities are a large part of South 
Carolina’s economy; water quality improvement can therefore improve economic 
conditions for the state.  Additionally, as water quality degrades the cost to treat drinking 
water increases. 
 In 2001, diseases caused by five major fecal bacterial pathogens in the United 
States resulted in an economic loss of approximately 6.9 billion dollars.  Across the 
nation, decreased water quality due to fecal contamination has caused economic losses 
due to sick leave, medical costs, and lowered tourism (Ishii et al. 2008).  It is imperative 
to understand the fate and transport of fecal bacteria such as E. coli in nature—its 
secondary host—so that measures can be taken to prevent illness-causing concentrations 
from appearing in recreational waters. 
If sediment basins are in fact a reservoir or source of E. coli and other fecal 
bacteria, these BMPs may actually be contributing to the impairment of South Carolina 
surface waters.  The primary need for sediment basins must be addressed—these basins 
are designed to prevent the accelerated loss of storage capacity, increase in navigational 
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obstructions, and lowered aesthetic values of downstream water bodies.  However, 
another method may need to be employed to reduce sediment loss as sediment basins are 
not effective and likely degrade water quality in other respects (Millen et al. 1997).   
In addition to high levels of E. coli in basin discharge, studies have revealed that 
erosion from the sediment basin itself and resuspension of sediment during rain events 
accounts for approximately 50 percent of sediment loss from sediment basins.  Millen et 
al. (1997) noted that sediment particles smaller than 0.075 mm were completely mixed 









On-Site Sampling Procedures 
Sediment sampling took place over the course of 8 months—a time frame 
comparable to similar studies observed from literature review.  Time frames noted varied 
from two weeks to three years—the majority lasting two to five months.  Sampling for 
this project began in August 2010 and concluded in March 2011.  Therefore, results 
under summer and winter conditions were gathered and analyzed.  However, most 
samples were collected from January, 2011 to March, 2011.  To meet each of the three 
objectives, three different sampling procedures were utilized in order to measure E. coli 
density with respect to sediment size, sediment depth over time, and levels in inflow and 
outflow of sediment basins during rain events. 
 
E. Coli Density with Respect to Sediment Size 
To determine E. coli levels with respect to sediment size, sediment samples were 
taken by dividing basins into three transects—inlet, middle, and outlet—and skimming 
the bottom of each transect with a polyethylene dipper on the left, right and middle of 











Figure 4.1. Plan view of transect schematic for sampling of E. coli with respect to particle 
size objective. 
 
Sediment from each transect was transferred into a bucket which had been triple-rinsed.  
From the bucket, basin sediment was placed into 500 mL sterile bottles for further 
analysis, explained in subsequent section, Correlation of E. coli Density to Sediment Size 
by Pipette Analysis. 
 
E. Coli Density with Respect to Sediment Depth 
To analyze the relationship of E. coli density and sediment depth, sediment cores were 
taken using a fabricated sediment corer seen in the photographs below. Design for this 
sediment corer was modeled after a Pushcore System developed by Evans-Hamilton 











Figure 4.2. Sediment corer assembly 
 
 
Figure 4.3. Sediment corer assembly during use in basin 
 
The corer assembly consisted of a handle connected to a check valve.  The check 
valve was attached by a rubber fitting to a coring tube.  The tube assembly was inserted 
into the sediment, and the check valve prevented captured sediment from falling out of 
the tube when removed from the basin.  Sediment cores were taken near inlet, middle, 
and outlet of each pond, and locations were flagged so that additional cores could be 










Figure 4.4. Plan view of sampling schematic for sampling of E. coli with respect to 
sediment depth objective. 
 
Sample cores were then divided into 0 - 2.54 cm (0 - 1 in), 5.08 - 7.62 cm (2 - 3in), 10.16 
- 12.70 cm (4 - 5 in), and 12.70 cm + depth range subsamples, using a rod to push out 
sediment.  These subsample ranges were chosen based on the fact that each core typically 
contained 5 to 10 inches of sediment and these ranges evenly split the core into three to 
four subsamples.  These numbers were the desired subsample numbers for each core.  
Subsample blocks within the tube were each transferred to a 500 mL sterile bottle and 
brought to 500 mL using site water that was gathered into a rinsed bucket using the 
dipper.  E. coli in the site water was accounted for during the enumeration process to 
prevent varying levels of bacteria in site water from interfering with sediment bacteria 
densities.  Therefore, E. coli levels in the water column were subtracted from core E. coli 
levels in the sediment sample.  If less than 12.70 cm of sediment were obtained for a 
core, samples of other depth ranges within the core were analyzed in order to continue to 







is due to the fact that the sediment depths in basins are variable and are not known to the 
sampler upon inserting the corer.  These cores were taken one day, three days, and five 
days after rainfall.  However, collection was not always possible at these times, as 
subsequent rainfall at times prevented five day sampling events.  
In order to minimize resuspension due to disturbance during sampling, samples 
were taken in the order of outlet, middle, and inlet.  Water samples were also taken 
before sediment samples.  All samples were kept on ice and transported to the laboratory 
for analysis within six hours. 
 
E. Coli Density with Respect to Inflow and Outflow 
Runoff data were collected at timed intervals during rain events using two 
automated 6712 ISCO samplers at the inlet and outlet of the WHE basin to collect water 
samples and flowrate data.  The WHE site was chosen for this evaluation because it had 
one inlet and one outlet.  This quality allowed flowrate data to be more easily collected.  
At the inlet, a 730 area velocity sensor was connected to the ISCO and placed inside the 
pipe along with the collection tube to allow simultaneous recording of flowrate and 
sample collection.  Inlet sample collection was triggered by a 5.08 cm (2 in) depth of 
flow.  At the start of runoff, samples were taken every two minutes, and after three 
samples were taken, the remaining samples were taken every 15 minutes.  The figures 




Figure 4.5. ISCO location photograph at WHE basin inlet. 
 
 
Figure 4.6. Inlet instrumentation photograph. Velocity probe on left, sampling tube on 
right. 
 
At the outlet, another 6712 ISCO sampler collected discharge samples.  Outlet sample 
collection was triggered by a liquid level actuator.  At start of discharge, samples were 




Figure 4.7. ISCO location photograph at basin outlet. 
     
Figure 4.8. Outlet instrumentation photograph.  On left, sampling tube and bubbler tube 
(disabled); on right, liquid level actuator 
 
After the event, or approximately two hours after the start of the event, samples 
were put on ice and transported to the lab for enumeration, as explained below in the 
Bacteria Enumeration section.  Basin discharge was calculated using a numerical method 
outlined by Haan, et al. (1994).  This method used stage-storage, stage-discharge curves, 
and inflow data to calculate the discharge for given times during rain events.  Sample 
calculations may be viewed in Appendix C.   
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To supplement results, several physical, and chemical, parameters were measured 
on site when possible.  Temperature and pH were measured using a HACH Sension 
probe.  Rainfall depth was evaluated during these site visits using a rain gauge or online 
rainfall data for Anderson County.  Days since last rainfall (DSLR) was found by 
subtracting current date from previous date of rainfall in Anderson County.  See 
Appendix F to view these data. 
 
Correlation of E. coli Density to Sediment Size by Pipette Analysis 
E. coli concentration with respect to particle size was evaluated by taking 
sediment samples from representative basin transects and separating the particles by size 
with pipette analysis.  Pipette analysis was conducted for each sediment sample before 
sieve analysis in order to prevent the bacteria from being washed from particles, into 
solution.  This procedure was also conducted by triple-rinse protocol in order to prevent 
introduction of new bacteria to samples. 
The soil-water mixture was poured into a 500 mL graduated cylinder.  The sample 
was gently mixed to prevent particle-bacteria separation; immediately after, pipette 
analysis began.  A 25 mL pipette was used to extract solution containing a specific 
particle size based on the schedule as presented below.  Samples were assumed to be 
collected at a temperature of 21 degrees Celsius since this temperature was the 
approximate room temperature, and samples sat for up to 2 hours during this segment of 
procedure.  A potential source of error in this procedure includes incorrect association of 
bacteria with particle size due to gentle mixing that may not have sufficiently separated 
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particles.  However, gentle mixing was required in order to prevent bacteria from 
separating from particles into the water column. 
 
Table 4.1. Pipette analysis schedule (USDA, 1979) 
Sediment Size (mm) 0.062 0.031 0.016 0.008 0.004 0.002 
Depth (mm) 150 150 150 150 100 50 










The pipette assembly may be viewed below.   
 
 
Figure 4.9. Pipette assembly. 
 
Depth in the table above represented depth that pipette tip was lowered into 
cylinder at time of solution extraction.  The time extraction began, however, was five 
seconds before time designated on the schedule, because the pipette took several seconds 
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to draw 25 mL of suspension that was needed.  Once suspension had been drawn, it was 
directly transferred into an autoclaved 10 mL sealable Nalgene bottle and transferred to 
the lab for bacteria enumeration (APHA, 2005).  The remaining 15 mL was released into 
a disposable aluminum tin used for constructing eroded particle size distribution.  These 
were dried at 105 degrees Celsius for 24 hours and weighed so that the amount of E. coli 
could be quantified on a per-gram-of-sediment basis.  Figures following show 500 mL 
cylinders used for pipette analysis and transport bottles that were placed on ice while in 
transition from the soil lab to the bacteria lab.   
 
    
Figure 4.10. Pipette analysis procedure photographs.  On left, cylinders containing basin 
transect samples; on right, transport bottles. 
 
After pipette analysis was complete, a sample of settled sand mixture was taken from the 
bottom of the cylinder for enumeration, in order to get E. coli densities within the sand.   
Once this sample was taken, a sieve analysis (see procedure below) was 
performed on sand portion in order to form a complete eroded particle size distribution.  
Sample bottles and transport materials were autoclaved, and triple-rinse protocol was 
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performed for all equipment that could not be autoclaved.  As preparation for 
enumeration step, samples were mechanically shaken at 200 rpm for 1 minute (see 
Bacteria-Particle Separation).  
 
Sieve Analysis 
Two 18 L buckets and sieve openings of sizes 2.00 mm, 1.18 mm, 0.425 mm, 
0.15 mm, and 0.075 mm were used for sieve analysis.  After pipette analysis, each sample 
was poured through a stack of sieves.  If needed, more water was used to aid in passage 
of the particles through each sieve.  Samples were then dried for 24 hours at 105 degrees 
Celsius and weighed in order to construct an eroded particle size distribution chart and to 
quantify E. coli densities for each particle size. 
 
Bacteria-Particle Separation 
 Mechanical shaking, similar to hand shaking, was the method used to separate the 
bacteria from the soil samples.  All sediment samples were shaken for 1 minute at 200 
rpm with a shaker table.  First, several 500 mL sample bottles were secured to the table, 
as the table contained clamps that fit to the circumference of each bottle.  Then the table’s 
switch was turned to 200 rpm, and samples were mixed for 1 minute.  However, before 
extracting a subsample of each original sample for enumeration, each bottle was hand 






Laboratory initial steps for bacteria enumeration were begun within 6 hours of 
sample collection using the Colilert enzyme substrate assay system developed by IDEXX 
Laboratories.  This system allows a most probable number of bacteria to be found for 
each sample. The system was used in compliance with Standard Method 9223 B (APHA, 
2005). 
The Colilert method uses a patented substrate technology to detect E. coli.  A 
nutrient indicator called MUG in the proprietary substrate is metabolized by the E. coli 
enzyme, β-galactosidase.  As the MUG was metabolized by the β-galactosidase, 
fluorescence was produced.  Most other coliforms do not have this enzyme and therefore 
did not interfere with E. coli growth (IDEXX, 2011).   
When a known volume of E. coli sample had been mixed with substrate, it was 
brought to a volume of 100 mL using sterile water and placed into QuantiTrays—trays 
with 97 pockets that allow a most probable number to be calculated from E. coli positive 
pockets.  These trays were incubated for 24 hours at 35 degrees Celsius and observed 
under ultraviolet light so that fluorescence could be seen among pockets (IDEXX, 2011).  
A spreadsheet model developed by IDEXX Laboratories was used to calculate MPN E 
coli per sample from number of positive pockets for each tray.  Sediment-associated E. 
coli density was found by subtracting number of bacteria found in the water column from 
number of bacteria found in sediment to determine sediment-associated E. coli only 
(Sawyer, 2009).  The figure below shows a QuantiTray that has been marked for E. coli 






Figure 4.11. Incubated QuantiTray photograph. 
  
Turbidity Analysis 
ISCO samples were also tested for turbidity to compare turbidity levels in each 
sample to the hydrograph and to E. coli densities.  A Lamotte 2020 Turbidity Meter was 
used to test these levels for each sample.  First, 10 mL of distilled water was placed in a 
cuvette as a reference solution or blank containing 0 NTUs.  Then 2 mL of sample was 
placed into another cuvette, followed by 8 mL of distilled water, to obtain an NTU value 
for the solution.  This NTU value was then multiplied by 5 in order to gain a measured 
NTU value for the sample.  After each sample, the blank was reinserted into meter for 




CHAPTER 5.  
BACTERIA-PARTICLE PARTITIONING METHODS EVALUATION 
 
From review of literature, most commonly used methods for E. coli partitioning 
are sonication, hand shaking, and centrifugation.  Hand shaking is an accepted method for 
partitioning; however, this method has traditionally been criticized for its lack of 
consistency.  Results from this method vary among those performing the technique, as 
shaking speed and patterns vary from trial to trial.   
Craig et al. (2008) found that hand shaking was the most effective separation 
technique for sediments that have a predominately silt and clay composition; however, it 
was noted that sonication bath was the most versatile and consistent method used for all 
sediment compositions.  Davies et al. (1995) used sonication to partition bacteria from 
marine and freshwater sediments in several studies. 
In 2010, Krometis, et al. used centrifuge to partition bacteria in large samples of 
approximately 1 L.  However, Characklis et al. (2005) acknowledged that centrifugation 
lowered concentration of microbes in samples.  Characklis revealed that centrifugation 
allowed only 20-35 percent of organisms in samples to be detected. 
Based on mixed results seen in literature concerning three standard methods for 
bacteria partitioning, an experiment was performed to determine whether or not 
centrifugation was to be the preferred method of partitioning over hand shaking.  Fifteen 
sediment samples from a Clemson University retention pond and WHE sediment basin 
were used to create two subsamples each. One subsample from each sample was 
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centrifuged at 1000 rpm for 10 minutes, as similar to the study by Krometis et al. (2010).  
The second subsample was hand shaken for 1 minute.  A total of thirty subsamples were 
analyzed using the Colilert system.   
Results shown in Table 5.1 reveal that hand shaking of samples is most likely to 
be more effective than centrifuge.  On average, hand shaking produced over 4 times the 
amount of E. coli that centrifuging produced.  This reduction was comparable to that of 
the study by Characklis et al. (2005). 
Because hand shaking revealed more E. coli (0.01 > P > 0.025), a method was 
developed that attempted to mimic hand shaking.  Motivation to develop this method was 
the need to obtain realistic bacteria counts while minimizing variability seen in hand 
shaking. 
Mechanical shaking method developed consisted of using a shaker table at 200 
rpm for 1 minute to separate bacteria from particles.  This motion mimicked hand 
shaking and eliminated the problem of motion variation from trial to trial.  Results of this 














S1 108 62 --- 
S2 63 30 --- 
S3 85 62 --- 
1a 6896 1860 4196 
1b 8704 631 2306 
1c 10950 1789 1218 
2a 10344 1935 2184 
2b 3248 1223 654 
2c 12262 985 840 
3a 1406 480 2028 
3b 6896 2755 6896 
3c 2152 1860 1552 
4a 1768 450 626 
4b 2210 1250 1920 
4c 3360 1500 1394 
I 1" 337 --- 213 
2" 86 --- 20 
3" 52 --- 52 
5" 52 --- 30 
M I" 383 --- 231 
3" 52 --- 31 
5" 75 --- 98 
9" 74 --- 63 
O 1" 2987 --- 1782 
3" 31 --- 31 
5" 97 --- 63 
6" 41 --- 31 
 
 Hand shaking revealed more E. coli per sample than did mechanical shaking 
(0.01<P<0.025).  On average, hand shaking revealed over two times the amount of E. coli 
that mechanical shaking produced, but results of hand shaking ranged from 0.69 to 14.59 
times that of mechanically shaking.  It was noticed that these larger discrepancies 
occurred for clayey sediments since thick, cohesive layers were fully broken up by hand 
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shaking, but not fully disturbed by mechanical shaking.  Closer comparisons occurred for 
sandy sediments.  Despite differences, mechanical shaking was still chosen as the method 
for partitioning sediment samples, as it was a consistent and repeatable method.  
Therefore, results of this project may report lower E. coli densities than actually exist in 
sediment basins evaluated, especially as Sawyer (2009) found greater than 100,000 MPN 





RESULTS AND DISCUSSION 
 
E. coli Density with Respect to Particle Size 
To find the relationship, if any between particle size and E. coli density, density 
of E. coli was found for each particle size range by means of pipette analysis.  Particle 
size ranges observed include (diameter, d >0.075 mm), (0.075 mm > d > 0.062 mm), 
(0.062 mm > d > 0.031 mm), (0.031 mm < d < 0.016 mm), (0.016 mm > d > 0.008 mm), 
(0.008 mm > d > 0.004 mm), and (d < 0.004 mm).  Figure 6.1 shows E. coli density range 
for each particle size in a box and whisker plot.   This plot allowed outliers to be 
determined.   
First several terms must be defined.  The 25
th
 percentile is a value such that 25 
percent of all measurements fall below that value, and 75 percent will fall above that 
value.  The 75
th
 percentile is a value such that 75 percent of all measurements fall below 
that value, and 25 percent fall above that value.  The 25
th
 percentile and 75
th
 percentile 
are called the lower and upper quartiles, respectively.  Inner quartile range is the 
difference between upper and lower quartiles.  Extreme statistical outliers were 
considered to be those values above the sum of the upper quartile value and three times 
the inner quartile range.  Extreme outliers were calculated for the each data set and were 
eliminated from the statistical analysis.  No extreme low outliers existed for the data sets.   
Extreme statistical outliers in the data set were attributed to the nature of the 
procedures, including that clumping of bacteria may have occurred due to the fact that 
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sediment mixtures could only be gently mixed before pipette analysis.  Because the goal 
of the pipette analysis was to determine density of E. coli attached to each particle size, 
vigorous shaking and other particle dispersion techniques were not used, for concern that 
these techniques would detach bacteria from particles and invalidate results.  Therefore, 
E. coli density values that were statistically shown to be extreme outliers were omitted 
from results as clusters of various particle sizes were suspected to be present in those 
samples.  Table 6.1 gives the raw and modified results for each transect. 
 
 













































Table 6.1. Raw data for E. coli density with respect to particle size.
3
 
Date Site  Transect 
E. coli Density/ gram sediment [MPN/g] 
Particle Size [mm] Water 
Column 0.075 0.062 0.031 0.016 0.008 0.004 
1/18 WHE 
1 270.8 0.0 0.0 1320.9 na 317.6 1.9 
2 0.0 0.0 0.0 0.0 na 959.0 1.9 
1/19 CH-2 
1 0.0 526.6 0.0 116.9 30.8 150.0 54.4 
2 0.0 0.0 0.0 na 0.0 1253.3 54.4 
1/27 DHE 1 0.0 0.0 0.0 0.0 0.0 5271.9 223.0 
2/02 WHE 
1 0.0 12639.4 0.0 na 0.0 103.4 56.2 
2 0.0 0.0 1555.7 0.0 na 185.0 56.2 
3 104.0 0.0 0.0 0.0 0.0 268.2 56.2 
2/25 CH-2 
1 0.0 0.0 0.0 2800.0 na 0.0 2149.6 
2 0.0 0.0 0.0 0.0 111590.0 7832.2 2149.6 
3 1025.5 118.3 0.0 2829.1 1142.9 0.0 2149.6 
2/26 DHC 1 0.0 0.0 0.0 355839.6 0.0 74080.4 43.7 
2/26 CH-1 
1 0.0 5650.0 0.0 0.0 445542.3 15557.7 1520.0 
2 0.0 0.0 1170.6 0.0 3872.3 3557.7 1520.0 
3 0.0 1293.2 4021.1 9097.9 1335.4 14964.6 1520.0 
3/07 WHE 
1 0.0 0.0 0.0 0.0 1800.0 200.0 0.0 
2 773.2 0.0 62.6 8.0 23.3 23.3 0.0 
3 76.2 16.4 38.0 38.9 na 27.8 0.0 
3/16 WHE 
1 0.0 6141.1 0.0 na 98332.4 47067.6 93.9 
2 0.0 0.0 25662.5 0.0 na 81281.1 93.9 
3 0.0 2616.6 0.0 15716.3 0.0 19885.4 93.9 
 Mean [MPN/g]: 107.1 1381.0 1548.1 21542.6 44244.6 12999.3 563.7 
Mean [MPN/g],  
excluding outliers: 0.0 371.3 5.9 474.3 683.7 3919.8 563.7 
 
  
                                                          
3
 A value of 0 means that there was no E. coli detected for that sample range or that the subtraction of E. 
coli from the previous sediment size range was equal or greater than the sample.  The note ―na‖ means that 
no sediment of that particular range was detected; therefore, no E. coli could be present. 
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Table 6.2 E. coli densities for particle size as percentage of total E. coli, outliers removed. 





E. coli density of particle size as percentage of total [%] 
Particle Size [mm] 
0.075 0.062 0.031 0.016 0.008 0.004 
1/18 WHE 
Transect 1 1638.46 na 0 0 81 na 19 
Transect 2 958.96 0 0 0 0 na 100 
1/19 CH-2 
Transect 1 824.34 0 64 0 14 4 18 
Transect 2 1253.30 0 0 0 na 0 100 
1/27 DHE Transect 1 5271.87 0 0 0 0 0 100 
2/02 WHE 
Transect 1 103.37 0 na 0 na 0 100 
Transect 2 184.98 0 0 na 0 na 100 
Transect 3 268.24 na 0 0 0 0 100 
2/25 CH-2 
Transect 1 2800.00 0 0 0 100 na 0 
Transect 2 7832.22 0 0 0 0 na 100 
Transect 3 4090.29 na 3 0 69 28 0 
2/26 DHC Transect 1 74080.40 0 0 0 na 0 100 
2/26 CH-1 
Transect 1 15557.74 0 na 0 0 na 100 
Transect 2 7430.00 0 0 na 0 52 48 
Transect 3 16300.00 0 na na na 8 92 
3/07 WHE 
Transect 1 2000.00 0 0 0 0 90 10 
Transect 2 117.07 na 0 53 7 20 20 
Transect 3 121.00 na 14 31 32 na 23 
3/16 WHE 
Transect 1 0.00 0 na 0 na na na 
Transect 2 81281.10 0 0 na 0 na 100 
Transect 3 19885.41 0 na 0 na 0 100 
 Mean [MPN/g]: 5454.97 0 7 <1 9 13 72 
 
After outliers were removed from the data selection and E. coli density for each particle 
size was shown as a percentage of total E. coli for the sample, the data set was fit to a 
trend line to prove that a logarithmic relationship occurs between particle size and E. coli 




Figure 6.2. Line fit plot of E. coli percentage as a function of particle size.  
 
The high percentage of E. coli density attached to the particle size range d < 0.004 mm 
produced an R
2
 value of 0.39. The R
2
 value reveals that 39% of the variability in E. coli 
density within sediment can be attributed to the particle size of the sediment.  Also, by 
performing a hypothesis test for the correlation coefficient, there is sufficient evidence to 
show that E. coli density does increase with decreasing particle size (P < 0.001).  These 
data were displayed as percents to remove variability of differing E. coli densities that 
occurred from basin to basin.  
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E. coli Density with Respect to Sediment Depth 
 E coli density with respect to sediment depth was also analyzed.  Data sets were 
analyzed over time as well as by location within the basin (inlet, middle, and outlet).  
These tests were performed in order to determine dominant layer of E. coli inhabitance, 
and preferential location of E. coli within basins.  The following figures give E. coli 
density values for each sediment depth tested over 1, 3, and 5 days since last rainfall 
(DSLR) for CH-2 and DHC.  These figures are divided into zones.  Table 6.3 translates 
each zone to its sediment depth range. 
 
Table 6.3. Sediment depth zone and corresponding sediment depth range. 
Zone Sediment Depth Range 
1 0 cm – 2.54 cm 
2 2.54 cm – 5.08 cm 
3 5.08 cm – 7.62 cm 
4 7.62 cm – 10.16 cm 
5 10.16 cm – 12.70 cm 
6 12.70 cm – 15.24 cm 
7 15.24 cm – 17.78 cm 
8 17.78 cm – 20.32 cm 
9 20.32 cm – 22.86 cm 
10 22.86 cm – 25.40 cm 
11 25.40 cm – 27.94 cm 
12 27.94 cm – 30.48 cm 
 
Typical sediment depth zones measured were 1, 3, 5, and 7, since approximately four 
subsamples were desired and basins usually contained between 17.78 cm and 25.40 cm of 
sediment.  However, other zones were measured in order to get at least three subsamples, 
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if fewer than 12.70 cm were present in the core.  Points from each zone in the following 
figures are located at the centerline of each zone, but represent an average E. coli density 






Figure 6.3. CH-2 E. coli density in various depths for March 1 - 3, 2011. 
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Figure 6.4. CH-2 E. coli density in various depths for March 9 - 13, 2011. 
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Figure 6.5. DHC E. coli density in various depths for March 9 - 13, 2011. 
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Figure 6.6. E. coli density with respect to sediment depth for basins across dates and sites 
(0 values were plotted as 0.1 to be shown on logarithmic scale). 
  
Additional graphs including E. coli density with respect to sediment depth as a 
percentage are available in Appendix A.  Previous figures reveal that E. coli is most 
prevalent in Zone 1, and densities are highest after 1 DSLR.  As time progresses, E. coli 
densities appear to die faster in lower layers of sediment, but persist longer in the top 
layer.  Therefore densities of viable E. coli are reduced as a function of depth over time.  
Figure 6.6 also indicates that while E. coli densities in lower layers had diminished by 5 
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Decreased E. coli densities in the top layer are not noticed until 10 DSLR, further 
supporting that E. coli levels persist in Zone 1 for extended periods.  DHC was not used 
in Figure 6.6 because construction activity on this site was much more intermittent 
compared to activity on other sites.  These differences caused variations in E. coli 
densities at DHC compared to CH-2 and BC.   
These data provide evidence that E. coli densities were not increasing over time.  
Therefore, the conclusion can be drawn that these organisms are protected in the 
sediment and net die off is slower in sediment than it is in the water column.  Net die off 
is defined in this paper as the decrease in viable E. coli density over time, as cell death 
occurring in E. coli quantities overcomes any reproduction taking place in the medium, 
whether sediment or water column.  Table 6.2 compares the net die off rate of E. coli in 
the water column to net die off rate in the top layer of sediment for selected dates. 
 
Table 6.4. Net die off rate of E. coli in water column and top layer of sediment. 
Pond Information 
Net Die Off Rate [MPN/day] 
Water Column Top 2.54 cm (1 in) of Sediment 
CH-2 March 9 - 13 12011.5 1910.4 
DHC March 9 - 13 101.5 54.9 
 
This table reveals that E. coli densities in the water column are less stable than densities 
in the sediment due to their higher net die off rates.  The data support literature (Davies, 
2002) stating that sediment provides protection for these organisms.  Therefore, the data 
support the prediction that resuspension of fines in the top layer of sediment during rain 
events results in discharge of high levels of indicator bacteria into downstream waters, as 
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basins are unable to trap these organisms.  This statement is further supported by 
subsequent data pertaining to E. coli densities with respect to storm hydrographs.   
 Another observation that was noticed from the Figures 6.3 through 6.6 is 
difference in E. coli density in sediment layer among basins sampled for this particular 
objective.  E. coli densities range from 0 to 833 MPN/100 mL, at DHC with an average 
E. coli density in the top layer of sediment 1 DSLR of 308 ± 1,135, 95% confidence 
interval.  At CH-2, the range exists from 0 to 24,832 MPN/100 mL, with an average E. 
coli density in the top layer of sediment 1 DSLR of 15,289 ± 21,527, 95% confidence 
interval. The two sites are similar in age and land use; however, site DHC contains 
drainage for 1.2 disturbed hectares, whereas CH-2 drains 2.6 disturbed hectares.  The 
construction activity on the DHC site was much more intermittent than the activity on the 
CH-2 site.  Construction activity was only seen on two occasions out of approximately 15 
visits to DHC over 8 months.  At CH-2, construction activities were occurring during 10 
of approximately 15 visits.  Decreased activity and smaller drainage area of DHC allows 
longer time intervals for net die off to occur, because influx of sediment-attached E. coli 
is less at DHC than at CH-2.  Location of the sediment core within the basin did not have 
an effect on density of E. coli.  These figures may be viewed in Appendix B. 
 
E. coli with Respect to Inflow and Outflow Data 
 Data for two rain events were captured at WHE by automated ISCO samplers.  
The first rain event on February 28, 2011 produced 2.29 cm (0.9 in) of rain; the second 
on March 9, 2011 produced 2.03 cm (0.8 in) of rain.  These events were ideal for 
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sampling due to their high intensity and short duration of approximately two hours.  
Inflow data for both events was measured using a 730 area velocity sensor, while the 
6712 ISCO collected water samples from the inlet pipe.  Outflow data were calculated 
with a numerical procedure (Haan et al. 1994) using the stage-storage, stage-discharge 
relationships for the basin.  The process to determine outflow may be viewed in steps 1 
through 6.  The goal of the numerical procedure is to solve the equation,  
 
(2) 
Where,  I1 = inflow at time 1, [m
3
/s] 
I2 = inflow at time 2, [m
3
/s] 
  Δt = time 2 – time 1, [s] 
  O1 = outflow at time 1, [m
3
/s] 
  O2 = outflow at time 2, [m
3
/s] 
  S1 = storage at time 1, [m
3
] 




Unknowns are S2 and O2.  The following steps allow for these values to be found. 
1. Assume O1 = O2. 
2. Calculate ΔS from the equation (2). 
3. Calculate S2 = S1 + ΔS. 
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4. Determine y2 (stage at time 2 [m]) for S2 and the stage-storage curve, obtained 
from the City of Anderson stormwater plans for WHE. 
5. Determine O2 for y2 from the stage-discharge curve, obtained from the City of 
Anderson stormwater plans for WHE. 
6. Repeat steps 2 – 5 until O2 remains unchanged (Haan, et al. 1994). 
Outflow calculation iterations may be viewed in Appendix C.   
The differences in E. coli densities between inlet and outlet give support that 
WHE sediment basin acts as a reservoir for pathogenic bacteria.  The inflow densities are 
considerably lower than outflow densities (p < 0.001), averaging 6.27 ± 5.45 MPN/100 
mL (confidence interval 95%), and 76.56 ± 23.11 MPN/100 mL (confidence interval 
95%), respectively.  Increase seen in outflow of the sediment basin from inflow supports 
the conclusion that sediment basins act as a reservoir for bacteria.  Net die-off rate within 
the basin is less than the rate of E. coli entering the basin.  Overall, these E. coli densities 
are much less than results from literature.  Sawyer (2009) found average E. coli densities 
in the outflow of construction sediment basins to average 1,368 MPN/100 mL.  However, 
these data were captured over a broad time frame for newer construction basins, whereas 
events for this project occurred under winter conditions at more stabilized construction 
basins.  Both sets of results, nevertheless, provide support that E. coli densities in outflow 
from construction basins are often greater than those of the inflow and can exceed the 
EPA 235 cfu/100mL limit.  The following tables show the E. coli densities with respect 





Figure 6.7. Inflow and E. coli density as a function of time for February 28, 2011 event. 
 
 





































































































Figure 6.9. Inflow and E. coli density as a function of time for March 9, 2011 event. 
 
 


































































































The graphs also reveal that the E. coli densities did not increase with outflow, but 
remained elevated over time, suggesting that once resuspension has occurred within the 
basin, E. coli levels remained high as long as the water remained turbid.  Outflow graphs 
show that E. coli levels oscillated for portions of the event, but average levels remained 
elevated with increased turbidity.  This point is reinforced with following figures, as E. 
coli densities have an immediate increasing response to turbidity levels in the water 
column.   
 
 




















































Figure 6.12. February, 28, 2011, outflow, E. coli densities and turbidity over time. 
 
 




































































































Figure 6.14. March 9, 2011, outflow, E. coli densities and turbidity over time. 
 
E. coli response to turbidity is especially apparent in both inflow and outflow for the 
March 9, 2011 event.  This particular event occurred after a period of several low 
intensity events that allowed turbidity to decrease in the pond for the initial samples.  
Appendix D includes figures that allow viewing of turbidity and flow data with respect to 
time as well as pictures that provide a visual description of turbidity.  These data show 
the varying turbidity responses in the inflow and outflow.  While the turbidity in the 
inflow illustrates a first flush effect, with high initial turbidity that decreases throughout 
the event, outflow turbidity remains relatively constant throughout the event.  Therefore, 
as resuspension occurs within the basin, E. coli cells are released into the water column 
and are passed through the outlet to downstream waters.  As Figure 6.14 demonstrates, E. 
coli levels in the outflow can exceed the US EPA limit of 126 cfu/100 mL for a 5-sample 
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 The relationship between E. coli density and turbidity were found for both events.  
Because data for each event were collected within a short duration, water temperatures 
for these events were approximately the same for each data set, 3 and 19 degrees Celsius 
respectively.  Therefore, the relationship for each event was able to be described 
independent of temperature.  Figure 6.15 shows the relationship of E. coli density in 
outflow as a function of turbidity for two storm events. 
 
 
Figure 6.15. E. coli density as a function of turbidity for two storm events at WHE. 
 
E. coli density as a function of turbidity is much more defined for the March 9
th
 event 
than for the February 28
th
 event.  For the March 9
th
 event, the R
2
 value reveals that 52% 
of the variability in E. coli density may be predicted by turbidity on a logarithmic scale.  
Significant evidence was available to show that the two variables were related ( 0.05 < p 
y = 0.026x
R² = 0.169



































< 0.001).  The best fit for the February 28
th
 event was linear, and this R
2
 value revealed 
that only 17% of the variability in E. coli density can be attributed to turbidity, and no 
relationship could be drawn as a result (p > 0.05).  Several reasons may exist for this 
discrepancy between the two events.  First, the February 28
th
 event had water 
temperatures of approximately 3 degrees Celsius, while the March 9
th
 even had water 
temperatures of approximately 19 degrees Celsius.  Therefore, lower water temperatures 
caused low overall E. coli levels that did not respond as drastically to turbidity changes.  
In contrast, the March 9
th
 event showed much greater E. coli density responses to 
increased turbidity.  The other difference in the two events that may have altered 
outcomes is that the February 28
th
 event occurred after a dry spell.  The basin had been 
dry for several weeks, preventing an advantageous living environment for E. coli.  
Sawyer (2009) supported the claim that wet weather increases overall E. coli densities.  
Therefore, there was less E. coli available for resuspension during the first event than 
there was for the March 9
th
 event.  Overall, the March 9
th
 event provided a much clearer 
relationship between turbidity and E. coli density as this event had fewer limiting issues. 
 Outflow E. coli densities with respect to inflow over time can be viewed in 
Figures D-13 and D-14 from Appendix D.  Although no clear relationship between these 
variables was established, the figures do reveal that increased turbidity due to high inflow 
may result in increased E. coli densities in outflow.  Therefore, decreasing inlet velocity 
may ultimately decrease outflow E. coli levels. 
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To further show the effect that temperature has on E. coli levels, E. coli data were 
plotted as a function of temperature for selected events 1 DSLR.  Figure 6.16 reveals that 
temperature can have a significant increasing effect on E. coli densities. 
 
 
Figure 6.16. E. coli densities for various temperatures 1 DSLR. 
 
 Although no distinct trend can be drawn due to the varying properties of 
individual basins and limited data available, a clear division is noticed at 15 degrees 
Celsius.  Below 15 degrees, E. coli densities were under 300 MPN/100 mL, but above 15 
degrees, densities were over 1,000 MPN/100 mL.  As supported by Sawyer, temperature 



































 The goal of this research was to better describe overall survival and transport of 
E. coli in sediment basins.  Despite variation in results due to E. coli net die off and 
clustering, clear relationships were found among data.  The overall goal was met, and the 
following conclusions can be made from results.   
1. Although the fluctuating nature of bacteria produced an R2 value of 0.39 in 
results, the prediction that E. coli densities are inversely proportional to particle 
size as was confirmed by the data.  Particle sizes less than 0.004 mm often contain 
the highest levels of bacteria.   
2. E. coli can be found throughout the sediment column within construction basins; 
however, Zone 1 (first inch) of sediment typically contains the highest densities of 
E. coli.  Densities typically decreased with increasing depth. 
3. E. coli levels throughout the sediment column decrease with time, indicating that 
any E. coli growth within the sediment basin is overcome by die off.  However, 
faster die-off rates in the water column compared to the sediment show that 
sediment in these basins provides protection for E. coli cells.  This point is 
supported by the fact that the WHE outflow E. coli densities (76.56 ± 23.11 
MPN/100 mL) were higher than the inflow densities (6.27 ± 5.45 MPN/100 mL).   
The results of this research are supported by the findings of Sawyer (2009).  The 
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conclusion can be made that sediment basins act as reservoirs for indicator 
bacteria.   
4. The results that E. coli density is proportional to turbidity in the outflow is further 
evidence that E. coli are attached to fines present within the water column that are 
not sufficiently trapped during rain events. 
5. Finally, resuspension within sediment basins cause steady high turbidity and E. 
coli levels to be present in outflow.  The result is that basin discharge may exceed 
the US EPA limit of 126 cfu/100 mL for a 5-sample geometric mean as well as 
the single 235 cfu/100 mL grab sample for recreational use. 
These conclusions give reason to take further steps to polish E. coli research as it 
pertains to attachment to silts and clays.  This research has proven that E. coli is 
preferentially associated particle sizes less than 0.004 mm.  However, clays as classified 
by AASHTO are those particle sizes less than 0.002 mm.  Because the settling time 
needed to extract clays (< 0.002 mm) is over 4 hours, the six hour window for E. coli 
processing did not allow this size range to be collected by pipette analysis when transport 
of samples and the enumeration processing time was taken into account.  Therefore, 
further research would enhance results to pinpoint whether E. coli prefer particle sizes 
less than 0.002 mm. 
Additionally, better defining the E. coli density proportionality to turbidity is 
encouraged.  Because temperature has such a large effect on E. coli densities, it is 
recommended that this study be performed during summer months in order to compare 
results with findings under winter and spring conditions. 
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The results of this research indicate that sediment basins are reservoirs for bacteria.  
Since there are a large number of impaired water bodies due to high fecal coliform levels, 
reevaluation of sediment basins as a best management practice is encouraged.  These 
man-made systems are contributing to unnaturally high levels of indicator bacteria in 
South Carolina surface waters.  If removed, E. coli and other bacteria would not 
accumulate and be resuspended and released during rain events.  Alternatives or additions 
to these basins might include the following features: 
 Grassed buffers. 
 Baffles at the inlet. 
 More complete and immediate stabilization of sediment basin itself. 
 Coagulation products such as polyacrylamide (PAM). 
 Addition of organic matter such as leaf litter.  
From sampling experience, lower turbidity (which has been shown to lower E. coli 
densities) existed for basins that were better stabilized with tall grass or contained leaf 
litter that possibly acted as sediment retardation mats and microbial predator habitat.  
Further research is needed on alternative techniques to determine the effectiveness, 
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APPENDIX C.  






Table C-1. Routing calculations for February 28, 2011 event 
Time (hr) I Time (1) Inflow (2) 
Iave*dt 
(3) O2 (14) dS (15) S2 (16) y2 (17) O2 (18) O (19) 
 
min m^3/s m^3 m^3/s m^3 m^3 m m^3/s m^3/s 
0.7888889 0 0.0069385 0.00 0.00 0.00 0.00 0.00 0.00 0.0002832 
0.7902778 2 0.0050694 0.72 0.00 0.77 0.77 0.00 0.00 0.0002832 
0.7930556 6 0.0065987 1.40 0.00 1.62 2.40 0.01 0.00 0.0002832 
0.8034722 17 0.0102237 5.55 0.00 5.43 7.83 0.04 0.00 0.0010616 
0.8138889 32 0.0071085 7.80 0.00 5.98 13.82 0.07 0.00 0.0029672 
0.8243056 47 0.0083546 6.96 0.00 3.71 17.52 0.09 0.00 0.0041475 
0.8347222 62 0.0090059 7.81 0.01 3.50 21.02 0.11 0.01 0.0052627 
0.8451389 77 0.0103087 8.69 0.01 3.37 24.40 0.12 0.01 0.0063366 
0.8555556 92 0.0068536 7.72 0.01 1.66 26.05 0.13 0.01 0.0068636 
0.8659722 107 0.0038799 4.83 0.01 -1.31 24.74 0.13 0.01 0.0064469 
0.8763889 122 0.0040498 3.57 0.01 -2.08 22.66 0.12 0.01 0.0057849 
 
 
Table C-2. Routing calculations for March 9, 2011 event. 
Time (hr) Time (1) Inflow (2) Iave*dt (3) O2 (14) dS (15) S2 (16) y2 (17) O2 (18) O (19) 
 
min m^3/s m^3 m^3/s m^3 m^3 m m^3/s m^3/s 
0.5597222 0 0.000765 0.00 0.00 0.00 0.00 0.00 0.00 0.0003 
0.5611111 2 0.00102 0.11 0.00 0.19 0.19 0.00 0.00 0.0003 
0.5631944 5 0.000991 0.18 0.00 0.42 0.61 0.00 0.00 0.0003 
0.5666667 10 0.000935 0.29 0.00 0.63 1.24 0.01 0.00 0.0003 
0.5770833 25 0.000793 0.78 0.00 1.52 2.76 0.01 0.00 0.0003 
0.5875 40 0.000368 0.52 0.00 0.91 3.66 0.02 0.00 0.0003 
0.5979167 55 0.011442 5.31 0.00 4.88 8.54 0.04 0.00 0.0013 
0.6083333 70 0.009544 9.44 0.00 7.24 15.78 0.08 0.00 0.0036 
0.61875 85 0.010025 8.81 0.01 4.82 20.61 0.11 0.01 0.0051 
0.6291667 100 0.009119 8.62 0.01 3.41 24.02 0.12 0.01 0.0062 
0.6395833 115 0.008638 7.99 0.01 1.99 26.01 0.13 0.01 0.0068 
0.65 130 0.009034 7.95 0.01 1.44 27.45 0.14 0.01 0.0073 
0.6604167 145 0.008496 7.89 0.01 1.02 28.46 0.15 0.01 0.0076 
0.6708333 160 0.007901 7.38 0.01 0.31 28.77 0.15 0.01 0.0077 
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Figure D-3. Turbidity and inflow as a function of time for March 9, 2011. 
 
 




























































































    
 
Figure D-5. Inlet samples for February 28, 2011 event.  On left, turbid samples; on right, samples 
after 3 days of settling. 
 
    
 
Figure D-6. Outlet samples for February 28, 2011 event.  On left, turbid samples; on right, 
samples after 3 days of settling. 
 
    
 
Figure D-7. Inlet samples for March 9, 2011 event.  On left, turbid samples; on right, samples 




    
 
Figure D-8. Outlet samples for March 9, 2011 event.  On left, turbid samples; on right, samples 





Figure D-9. February, 28, 2011 event, inflow, E. coli densities and turbidity with respect to time.  




















































Figure D-10. February, 28, 2011 event, outflow, E. coli densities and turbidity with respect to 





Figure D-11. March 9, 2011 event, inflow, E. coli densities and turbidity with respect to time.  





































































































Figure D-12. March 9, 2011 event, outflow, E. coli densities and turbidity with respect to time.  






































































































































































Table E-1. Water quality parameters for selected events. 
Date Site 
Water Temp 
(degrees C) pH 
Turbidity 
(NTU) 
7/13/2010 CH-2 33.1 6.1 75.5 
7/20/2010 DHC 37.2 5.6 na 
8/31/2010 BC 33.7 5.6 514 
10/28/2010 CH-2 24.6 5.9 na 
1/17/2011 WHE 6.9 8.3 186 
1/19/2011 CH-2 9.6 7.2 74.8 
1/25/2011 WHE 8.3 6.4 352 
1/27/2011 DHC 11 6.7 89.7 
2/2/2011 WHE 9.6 6.4 303 
2/26/2011 CH-1 12.3 6.9 34.9 
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8/24/2010 BL-1 I 1" 2.54 48 165 213 3 0.2 12.70 
8/24/2010 BL-1 2" 5.08 48 0.1 20 3 0.4  
8/24/2010 BL-1 3" 7.62 48 4 52 3 0.6  
8/24/2010 BL-1 5" 12.7 48 0.1 30 3 1  
8/24/2010 BL-1 M I" 2.54 48 183 231 3 0.11 12.50 
8/24/2010 BL-1 3" 7.62 48 0.1 31 3 0.33  
8/24/2010 BL-1 5" 12.7 48 50 98 3 0.55  
8/24/2010 BL-1 9" 22.86 48 15 63 3 1  
8/24/2010 BL-1 O 1" 2.54 48 1734 1782 3 0.17 25.4 
8/24/2010 BL-1 3" 7.62 48 0.1 31 3 0.5  
8/24/2010 BL-1 5" 12.7 48 15 63 3 0.83  
8/24/2010 BL-1 6" 15.24 48 0.1 31 3 1  
9/1/2010 BL-1 I 1" 2.54 10 21 31 10 0.5 7.62 
9/1/2010 BL-1 2" 5.08 10 0.1 10 10 1  
9/1/2010 BL-1 M I" 2.54 10 0.1 10 10 0.11 5.08 
9/1/2010 BL-1 3" 7.62 10 0.1 10 10 0.33  
9/1/2010 BL-1 5" 12.7 10 21 31 10 0.56  
9/1/2010 BL-1 9" 22.86 10 0.1 10 10 1  
9/1/2010 BL-1 O 1" 2.54 10 31 41 10 0.33 15.24 
9/1/2010 BL-1 2" 5.08 10 0.1 10 10 0.67  
9/1/2010 BL-1 3" 7.62 10 0.1 10 10 1  
9/28/2010 CH-2 I 1" 2.54 1834 0.1 1137 1 0.33 7.62 
9/28/2010 CH-2 2" 5.08 1834 0.1 1310 1 0.67  
9/28/2010 CH-2 3" 7.62 1834 0.1 798 1 1  
9/28/2010 CH-2 M 1" 2.54 1834 0.1 1014 1 0.25 10.16 
9/28/2010 CH-2 2" 5.08 1834 0.1 933 1 0.5  
9/28/2010 CH-2 4" 10.16 1834 0.1 627 1 1  
9/28/2010 CH-2 O 1" 2.54 1834 0.1 727 1 0.5 30.48 






























3/1/2011 CH-2 I 1" 2.54 1162 22904 24066 1 0.11 5.08 
3/1/2011 CH-2 3" 7.62 1162 16166 17328 1 0.33  
3/1/2011 CH-2 5" 12.7 1162 24832 25994 1 0.56  
3/1/2011 CH-2 9" 22.86 1162 15166 16328 1 1  
3/1/2011 CH-2 M 1" 2.54 1162 10426 11588 1 0.11 10.16 
3/1/2011 CH-2 3" 7.62 1162 22904 24066 1 0.33  
3/1/2011 CH-2 5" 12.7 1162 14240 15402 1 0.56  
3/1/2011 CH-2 9" 22.86 1162 7050 8212 1 1  
3/1/2011 CH-2 O 1" 2.54 1162 19762 20924 1 0.25 35.56 
3/1/2011 CH-2 3" 7.62 1162 17254 18416 1 0.75  
3/1/2011 CH-2 4" 10.16 1162 12572 13734 1 1  
3/3/2011 CH-2 I 1" 2.54 1732 1167.4 2900 3 0.13 2.54 
3/3/2011 CH-2 3" 7.62 1732 0.1 962 3 0.38  
3/3/2011 CH-2 5" 12.7 1732 0.1 512 3 0.63  
3/3/2011 CH-2 8" 20.32 1732 0.1 610 3 1  
3/3/2011 CH-2 M 1" 2.54 1732 451.4 2184 3 0.14 7.62 
3/3/2011 CH-2 3" 7.62 1732 0.1 598 3 0.43  
3/3/2011 CH-2 5" 12.7 1732 0.1 398 3 0.71  
3/3/2011 CH-2 7" 17.78 1732 0.1 530 3 1  
3/3/2011 CH-2 O 1" 2.54 1732 131.4 1864 3 0.25 27.94 
3/3/2011 CH-2 3" 7.62 1732 0.1 512 3 0.75  
3/3/2011 CH-2 4" 10.16 1732 0.1 320 3 1  
3/9/2011 CH-2 I 1" 2.54 24196 6866 31062 1 0.2 7.08 
3/9/2011 CH-2 3" 7.62 24196 24196 48392 1 0.6  
3/9/2011 CH-2 5" 12.7 24196 15524 39720 1 1  
3/9/2011 CH-2 M 1" 2.54 24196 15524 39720 1 0.14 12.7 
3/9/2011 CH-2 3" 7.62 24196 15524 39720 1 0.43  
3/9/2011 CH-2 5" 12.7 24196 1798 25994 1 0.71  
3/9/2011 CH-2 7" 17.78 24196 15530 39726 1 1  
3/9/2011 CH-2 O 1" 2.54 24196 24196 48392 1 0.25 22.86 
3/9/2011 CH-2 3" 7.62 24196 6866 31062 1 0.75  
3/9/2011 CH-2 4" 10.16 24196 6866 31062 1 1  
3/11/2011 CH-2 I 1" 2.54 0 6488 6488 3 0.1 2.54 
3/11/2011 CH-2 3" 7.62 0 6488 6488 3 0.3  
3/11/2011 CH-2 5" 12.7 0 5794 5794 3 0.5  
3/11/2011 CH-2 10" 25.4 0 2909 2909 3 1  
3/11/2011 CH-2 M 1" 2.54 0 6867 6867 3 0.2 12.7 
3/11/2011 CH-2 3" 7.62 0 5794 5794 3 0.6  
3/11/2011 CH-2 5" 12.7 0 7270 7270 3 1  
3/11/2011 CH-2 O 1" 2.54 0 11199 11199 3 0.2 20.32 
3/11/2011 CH-2 3" 7.62 0 2247 2247 3 0.6  
3/11/2011 CH-2 5" 12.7 0 2481 2481 3 1  
3/13/2011 CH-2 I 1" 2.54 173 12415 12588 5 0.14 2.54 
3/13/2011 CH-2 3" 7.62 173 249 422 5 0.43  
3/13/2011 CH-2 5" 12.7 173 0.1 62 5 0.71  
3/13/2011 CH-2 7" 17.78 173 0.1 20 5 1  
3/13/2011 CH-2 M 1" 2.54 173 4061 4234 5 0.14 7.62 
3/13/2011 CH-2 3" 7.62 173 0.1 20 5 0.43  
3/13/2011 CH-2 5" 12.7 173 0.1 20 5 0.71  

























3/13/2011 CH-2 O 1‖ 2.54 173 7185 7358 5 0.25 15.24 
3/13/2011 CH-2 3‖ 7.62 173 0.1 20 5 0.75  
3/13/2011 CH-2 4‖ 10.16 173 0.1 20 5 1  
3/9/2011 DHC I 1" 2.54 213 833 1046 1 0.2 12.7 
3/9/2011 DHC 3" 7.62 213 307 520 1 0.6  
3/9/2011 DHC 5" 12.7 213 344 557 1 1  
3/9/2011 DHC M 1" 2.54 213 0.1 131 1 0.2 17.78 
3/9/2011 DHC 3" 7.62 213 0.1 148 1 0.6  
3/9/2011 DHC 5" 12.7 213 0.1 148 1 1  
3/9/2011 DHC O 1" 2.54 213 92 305 1 0.33 7.62 
3/9/2011 DHC 2" 5.08 213 0.1 148 1 0.67  
3/9/2011 DHC 3" 7.62 213 0.1 96 1 1  
3/11/2011 DHC I 1" 2.54 0 110 110 3 0.1 10.16 
3/11/2011 DHC 3" 7.62 0 10 10 3 0.3  
3/11/2011 DHC 5" 12.7 0 41 41 3 0.5  
3/11/2011 DHC 10" 25.4 0 169 169 3 1  
3/11/2011 DHC M 1" 2.54 0 10 10 3 0.2 20.32 
3/11/2011 DHC 3" 7.62 0 41 41 3 0.6  
3/11/2011 DHC 5" 12.7 0 41 41 3 1  
3/11/2011 DHC O 1" 2.54 0 52 52 3 0.33 2.54 
3/11/2011 DHC 2" 5.08 0 20 20 3 0.67  
3/11/2011 DHC 3" 7.62 0 10 10 3 1  
3/13/2011 DHC I 1" 2.54 10 184 194 5 0.2 5.08 
3/13/2011 DHC 3" 7.62 10 190 200 5 0.6  
3/13/2011 DHC 5" 12.7 10 10 20 5 1  
3/13/2011 DHC M 1" 2.54 10 30 40 5 0.2 10.16 
3/13/2011 DHC 3" 7.62 10 10 20 5 0.6  
3/13/2011 DHC 5" 12.7 10 10 20 5 1  
3/13/2011 DHC O 1" 2.54 10 52 62 5 0.5 Dry 
3/13/2011 DHC 2" 5.08 10 10 20 5 1  




Table F-2. Inflow, turbidity, and E. coli density data for February 28, 2011 storm event. 
Time Time Inflow Inflow E. coli Turbidity 
(hr) (minutes) (m^3/s) (MPN/100mL) (NTU) 
18:56 0 0.0069 0 11840 
18:58 2 0.0051 0 8090 
19:02 6 0.0066 10 4370 
19:17 21 0.0102 0 1600 
19:32 36 0.0071 0 814 
19:47 51 0.0084 0 1710 
20:02 66 0.009 10 1568 
20:17 81 0.0103 0 1822 
20:32 96 0.0069 0 754 
20:47 111 0.0039 0 578 





Table F-3. Outflow, turbidity, and E. coli density data for February 28, 2011 storm event. 
Time Time Outflow Outflow E. coli Turbidity 
(hr) (minutes) (m^3/s) (MPN/100mL) (NTU) 
18:10 0 0.00028 10 1785 
18:20 10 0.00028 20 1924 
18:30 20 0.00028 52 1645 
18:40 30 0.00028 41 1365 
18:50 40 0.00028 41 1445 
19:00 50 0.00028 52 1490 
19:10 60 0.0007 41 1350 
19:20 70 0.00144 41 1060 
19:30 80 0.00281 31 1195 
19:40 90 0.0036 52 1215 
19:50 100 0.00437 10 1290 
20:00 110 0.00511 75 1310 
20:10 120 0.00584 10 1230 
20:20 130 0.00644 75 1260 
20:30 140 0.00679 10 1120 
 
Table F-4. Inflow, turbidity, and E. coli density data for March 9, 2011 storm event. 
Time Time Inflow Inflow E. coli Turbidity 
(hr) (minutes) (m^3/s) (MPN/100mL) (NTU) 
13:26 0 0.0008 0 536 
13:28 2 0.001 0 576 
13:31 5 0.001 0 363 
13:36 10 0.0009 0 286 
13:51 25 0.0008 0 233 
14:06 40 0.0004 0 334 
14:21 55 0.0114 63 3705 
14:36 70 0.0095 20 1155 
14:51 85 0.01 0 1190 
15:06 100 0.0091 0 990 
15:21 115 0.0086 10 646 
15:36 130 0.009 20 1354 
15:51 145 0.0085 20 752 
16:06 160 0.0079 10 768 






Table F-5. Inflow, turbidity, and E. coli density data for March 9, 2011 storm event. 
Time Time Outflow Outflow E. coli Turbidity 
(hr) (minutes) (m^3/s) (MPN/100mL) (NTU) 
0.54 0 0.00028 10 145 
0.55 10 0.00028 0 156 
0.56 20 0.00028 0 307 
0.56 30 0.00028 52 860 
0.57 40 0.00028 216 1374 
0.58 50 0.00028 135 1010 
0.58 60 0.00028 96 988 
0.59 70 0.00055 146 870 
0.6 80 0.00122 109 982 
0.6 90 0.00267 185 860 
0.61 100 0.004 85 818 
0.62 110 0.00503 246 744 
0.63 120 0.00578 135 720 
0.63 130 0.00638 122 804 
0.64 140 0.00681 108 714 
0.65 150 0.00712 110 762 
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